The ICR/f rat is a recessive-type hereditary cataractous strain. We previously reported that this mutant differs from normal in the composition of lens crystallins.
The ICR/f rat is a recessive-type hereditary cataractous strain. We previously reported that this mutant differs from normal in the composition of lens crystallins. 1) Analysis of the cataractous lens crystallins showed remarkable decreases in g-, bB1-and bA3-crystallin contents. Also, the calcium content in the cataractous lenses was about 10-fold higher than in the normal lenses. Two-dimensional electrophoresis of the cataractous lens proteins revealed the loss of b-and acrystallins and the appearance of new polypeptides.
The major classes of crystallins are the a-crystallins which are molecular chaperones related to the small heatshock proteins, 2) and the b-and g-crystallins.
3) The b-and gcrystallin superfamilies are characterized by four Greek key motifs in their amino acid sequences. The b-crystallins also have amino-and carboxy-terminal extensions designated as "arms". All b-crystallins have N-terminal extensions of 10 to 58 amino acids in length, and the subtype of bB-crystallin has C-terminal extensions of approximately 15 amino acids. 3, 4) g-Crystallins lack these N-and C-terminals. While b-crystallins form mixtures of homodimers, heterodimers, and higher order oligomers, 5) the native g-crystallins are characterized as monomers.
3) It has been hypothesized that the extensions function to stabilize the intermolecular interaction between b-crystallins and to prevent their random aggregation.
3) Thus some research has examined the possible function of b-crystallin N-terminal extensions in stabilizing the structure of b-crystallin oligomers. 6, 7) Calpain (EC 3.4.22.17) is a non-lysosomal cysteine-protease activated by calcium. The ubiquitous m-and m-calpains, by far the best characterized calpains, are heterodimers comprising distinct but quite homologous 80-kDa "large" Lsubunits and a common 30-kDa "small" S-subunit. On exposure to calcium at concentrations of 5-50 mM (for m-calpain) and 200-1000 mM (for m-calpain), these calpains are activated and partially autolyzed. 8) m-Calpain has been found in lenses of all species examined so far. David et al. have reported that the amino acid sequence of the N-terminal of bcrystallins in the insoluble protein fraction of lens from rodent cataractous lenses is very similar to the N-terminal of bcrystallin polypeptides degraded partially by the purified mcalpain. 11, 12) This result suggests that endogenous calpain cleaves the N-terminal extension of b-crystallin, and the resulting N-terminal-missing b-crystallins aggregate randomly. Cysteine protease inhibitors suppressed this proteolysis and temporarily prevented the progression of cataract formation caused by various inducers in vitro. 13) In addition, incubation of total soluble proteins from young mouse and rat lenses with the purified m-calpain, [11] [12] [13] or activation of endogenous lens calpain in a soluble fraction by calcium, caused the insolubilization of crystallins and an increase in the turbidity of the fraction. 9) On the other hand, David et al. reported that 120 mM KCl (the concentration in normal lenses) delayed onset of turbidity for 2-3 d, probably because calpain activity was inhibited by the high concentration of KCl. 9) Furthermore, Nakamura et al. recently found that oxidative stress enhanced the turbidity of the soluble protein fraction when crystallins were partially degraded and that anti-oxidant dithioerythritol (DTE) and glutathione (GSH) prevented this increase in turbidity. 14) In this study, we measured the endogenous calpain, K ϩ ion and GSH contents in the mutant rat lenses, and examined the influence of calpain on the cataract progression of mutant rat.
MATERIALS AND METHODS

Rat and Lenses
Lenses were taken from ICR/f rats (mutant) aged 22 d (young), 64 d (before cataract formation), and 85 d (after cataract formation), and from Wistar rats (normal) of the same ages, immediately after sacrifice under chloroform anesthesia and stored at Ϫ70°C if necessary.
Glutathione Determination GSH content in lenses was determined by the method of Lou et al. 15) Determinations were made from 10 lenses at each time point.
Potassium Concentration The dry weight of lenses was determined after heating in vacuo at 100°C for 7 h. The water content was determined from the difference between the wet and dry weights. Lenses were digested in 100 ml of concentrated HNO 3 at 90°C for 10 min, then 2 ml water was added there to and the mixture was centrifuged at 1700ϫg for 15 min. Potassium content in the resultant supernatant was measured by atomic adsorption spectrophotometry (Hitachi 170-01, Tokyo) at 769.5 nm and expressed as mmol/kg H 2 O.
Determination of Protein Contents Protein contents were determined by the method of Bradford using bovine serum albumin (BSA) as a standard. 16) Statistical Analysis Student's t-test was used to determine the statistical significance of differences between normal and mutant lenses.
Immunoblotting for m-Calpain Immunoblots of calpain were performed by electro-transferring proteins from two-dimensional electrophoresis gels to PVDF membranes (Millipore, Bedford) as described previously.
1) An affinitypurified goat polyclonal antibody against the carboxyl terminus of a large subunit of human calpain (Santa Cruz Biotechnology) was used at 1 : 150 dilution. Proteins on the transblotted membrane were detected with alkaline phosphataseconjugated rabbit anti-goat IgG secondary antibody (Jackson, 1 : 1000 dilution) and chemiluminescent substrate (CDPstar-Boehringer Mannheim). Light emission was recorded on X-OMAT AR film (Kodak, Rochester, NY, U.S.A.).
ELISA for Calpain 17, 18) Wells of microtiter plates (Falcon) were coated with rat recombinant m-calpain (Calbiochem-Novabiochem) at the concentrations of 40-300 ng/well in 50 mM carbonate buffer, pH 9.6 (100 ml/well) overnight at 4°C to make a standard curve. The soluble protein fractions of normal and mutant lenses (400 mg protein/well) were also coated on the other wells of plates. After washing the well three times with maleic acid buffer (100 mM maleic acid-NaOH, 150 mM NaCl, pH 7.5), they were blocked with 1% blocking reagent (Boehringer Mannheim) in the buffer for 1 h at room temperature, then rinsed four times with the buffer containing 0.3% Tween 20. Then 100 ml of anti-calpain antibody (1 : 100 dilution with the buffer/0.3% Tween 20) was added to each well. After incubation for 1 h at room temperature, the plates were washed four times with the same buffer, then incubated for 1 h with 100 ml per well of alkaline phosphatase-conjugated rabbit anti-goat IgG antibody (1 : 500 dilution). After further washing the plates with the same buffer, 100 ml per well of alkaline phosphatase substrate (0.02% 4-nitrophenylphosphate in 10% diethanolamine/4 mM MgCl 2 buffer, pH 9.8) was added and the plates were incubated at room temperature for 15 to 20 min in the dark. Absorbance at 405 nm was then read using a Bio-Rad 3550 ELISA plate reader.
When the wells were coated with the various concentrations of the standard m-calpain in the presence of 400 mg BSA, the same standard curve as that made above (without BSA) was obtained.
Hydrolysis of Soluble Lens Crystallins by Purified mCalpain
The lenses of normal rats (85 d) were dissected and homogenized in a buffer containing 20 mM imidazole (pH 7.0), 0.1 mM EDTA, 0.1 mM EGTA, 0.02% NaN 3 , 1 mM CaCl 2 and 2 mM DTE. The soluble protein fraction was obtained by centrifugation of the lens homogenates at 15000ϫg for 10 min at 25°C. A 160-ml portion of the soluble fraction (4.8 mg protein) was incubated for 50 h at 37°C in the buffer containing 40 U m-calpain. The resultant precipitate was removed by centrifugation at 15000ϫg for 10 min at 25°C, and the supernatant was subjected to two-dimensional electrophoresis.
Acceleration of Aggregation of Crystallins by Activation of Endogenous Calpain in the Soluble Fraction
Seven lenses were homogenized in 1 ml of 20 mM imidazole buffer (pH 7.0), containing 0.1 mM EDTA, 0.1 mM EGTA, 0.02% NaN 3 , 1 mM CaCl 2 and 2 mM fresh DTE. The soluble protein fraction was obtained by centrifugation at 15000ϫg for 10 min and assayed for protein content by the method of Bradford. To each flat-bottom well in a microtiter plate (Falcon) was usually added 80 ml of the buffer containing the following substances: 2.4 mg of rat lens soluble protein, 120 mM or 50 mM KCl, and 1 mM CaCl 2 . To control wells, 113 mM trans-epoxysuccinyl-L-leucylamido-(4-guanidino-)butane (E64: Peptide Institute, Japan) was also added to inhibit the calpain reaction. The microtiter plates were covered with tape (Costar) and incubated at 37°C in CO 2 a incubator. Turbidity development in each well was determined with the ELISA microtiter plate reader (Bio-Rad Model 3550) by measuring absorbance at 405 nm daily for 10 d. Before each measurement, the volume in each well was adjusted to 80 ml with deionized water, and insoluble proteins were resuspended by repeated pipetting. After the measurement of turbidity, the suspensions in wells containing 50 mM KCl medium were transferred to tubes and centrifuged at 15000ϫg at room temperature for 10 min. The resultant supernatants from five wells were combined and a portion of the combined fraction assayed for protein content, and the remaining portion was subjected to two-dimensional electrophorus. The precipitates from five wells were solubilized by 100 ml of 9.0 M urea and the solubilized fractions were combined. A 10-ml portion of solubilized fractions was also subjected to two-dimensional electrophoresis.
Two-Dimensional Electrophoresis The soluble protein fraction was subjected to two-dimensional electrophoresis, then transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon P; Millipore) as described previously.
1)
The insoluble proteins were solubilized with 9.0 M urea and subjected to electrophoresis as described above.
Amino Acid Sequencing Proteins in gels were electrotransferred to PVDF membranes. After electroblotting, proteins were stained for 7 min with 0.1% (w/v) Coomassie Brilliant Blue R-250 in 50% (v/v) methanol/10% (v/v) acetic acid. Protein spots were cut from the membranes, and the corresponding spots from two or three membranes were combined, destained by washing with 50% (v/v) methanol at least 10 times, and subjected to N-terminal sequence analysis using model 491-protein sequencer with model 610A PTH analyzer. Intact crystallins on PVDF membranes were identified as described previously.
1) Because intact aA-and aBcrystallins (6-8 in Figs. 2C, D) were all blocked at the Nterminal, the polypeptide spots which might be derived from these crystallins were digested with trypsin as described previously, 1) separated by HPLC, and the sequences of the peptides isolated were analyzed.
RESULTS
Glutathione Determination GSH contents were mea-sured in lenses obtained immediately after sacrifice of rats aged 22, 64, and 85 d. Figure 1A shows GSH content in normal and mutant rat lenses. The GSH content of mutant lenses was found to be 81% at 22 d, 93% at 64 d, and 60% at 85 d, compared with that of lenses of normal rats of the same ages. The GSH content in mutant lenses clearly decreased after cataract formation.
Potassium Concentration Figure 1B shows the KCl content in the lenses, which were measured as described under Materials and Methods. Compared with normal rats aged 85 d, the lens KCl content was about 50% lower in the cataractous rats of the same age. Figure 2 shows the two-dimensional electrophoresis profiles from normal and cataractous rat lens proteins. We previously analyzed the soluble proteins in the lenses of normal and mutant rats by gel chromatography and two-dimensional electrophoresis, showing that the amounts of g-, bB1-and bA3-crystallins were significantly decreased in the mutant after cataract formation, compared with those in the normal lens. 1) In the present study, the electrophoretic profiles (Fig. 2) show results similar to the previous data. Furthermore, the spots on the PVDF membrane were analyzed for amino acid sequence. Soluble and insoluble proteins from 85-d-old mutant lenses were separated by two-dimensional electrophoresis (Figs. 2C, D) and the N-terminal amino acid sequence of each spot was determined (Table 1) . New spots, which could be partially degraded products of b-crystallin, were observed in 85-d-old mutant lenses of (Figs. 2C, D: 1-5): these spots stained more intensively compared with those of the normal lenses of 22 and 85 d. The N-terminal sequences of spots 1 to 5 were determined (Table 1) . These sequences were originally located at internal positions in the intact crystallin polypeptide chains as indicated in the column "positions of residues" in Table 1 . This means that partial proteolysis occurred at the N-terminal sites of intact crystallins in mutant lenses, and that N-terminal peptides were cleaved from intact crystallins. The spots 6-8 of mutant lenses of rats aged 85 d (Fig. 2C) were absent in the soluble fraction of normal lenses of rats aged 22 d (Fig. 2A) . These spots were digested with trypsin, and the tryptic fragments were separated by HPLC as described previously.
Two-Dimensional Electrophoresis of Mutant Soluble and Insoluble Lens Proteins
1) The amino acid sequences of peptides from spots 6-8 (data not shown) show that these peptides are derived from aA2-and aB2-crystallins. Therefore, spots 6-8 could be the partial-degradation products of aA2-and aB2-crystallins.
Hydrolysis of Soluble Lens Proteins by Purified m-Calpain Soluble lens proteins from normal lenses of rats aged 85 d were degraded by m-calpain for 50 h. After centrifugation of the mixture, the resultant supernatant was subjected to two-dimensional electrophoresis (Fig. 3) . Changes in the relative concentrations of polypeptides (determined by the darkness of spots) suggest that the partially degraded polypeptides (spots 1-8 in Fig. 3 ) increased after calpain digestion, while intact bB1-and bA3-crystallin decreased. This profile is similar to that of 85-d-old mutant lenses (Fig. 2D) .
Immunoblotting of Calpain and Measurement of Calpain Content by ELISA Immunoblotting of calpain is shown in Fig. 4A . The 80-kDa subunit of calpain was observed in both normal and mutant soluble lens protein fractions. Thus the amounts of calpain in both lenses were measured by the ELISA method (Fig. 4B) . We assumed that the effect of the other proteins on the adsorption of calpain to the well is similar between normal and mutant lens fractions. Figure 4B shows that there were no significant differences in the calpain level between the mutant and normal lenses (22, 64, and 85 d), while the amounts of calpain showed a tendency to decrease in both normal and mutant lenses with aging.
Insolubilization of Lens Protein by Endogenous Lens Calpain
Increases in the turbidity of the soluble fraction of normal 85-d-old lenses were examined during incubation at 37°C. The mixture containing 113 mM E64, a known inhibitor of calpain activity, was taken as control (closed squares in Fig. 5) . The turbidity at 405 nm did not change in medium containing 120 mM KCl for the first 4 d, but then gradually increased (open circles in Fig. 5 ). In contrast, an increase in turbidity was observed after only 1 d in the presence of 50 mM KCl (closed circles in Fig. 5) , and the maximal turbidity after 10 d was about 6.5 times more than control containing E64 (closed squares in Fig. 5 ). The maximal turbidity in 120 mM KCl medium was about 4.5 times more than control. After assay for turbidity, soluble and insoluble a) The sequences of peptides from aA and aB crystallin, which are blocked at the N-terminal, were determined from trypic fragments; and the N-terminal sequences of other crystallins were determined by direct Edman sequencing of unfragmented proteins. b) The numbers express the original positions in the intact crystallins which the sequenced peptides were derived from the N-terminal. c) This sequence is present in both bA1 and bA3 crystallins. d ) Accession numbers (Swiss-Prot or NCBI Sequence Viewer) to previous reported sequences of rat crystallins. protein fractions were separated by centrifugation and each fraction was subjected to two-dimensional electrophoresis as described under Materials and Methods. Figure 6 shows the profiles of the soluble and insoluble fractions. The N-terminal-missing b-crystallin (1-5 in Fig. 6 ) and low molecular a-crystallin (6-8 in Fig. 6 ) were found in both soluble and insoluble fractions obtained above. Futhermore the proportions of insoluble protein in 120 and 50 mM KCl media was about 26 and 50% of total protein, respectively. Considered together with the results described above, these results suggest that the partial degradation of b-and a-crystalline by endogenous proteases, particularly calpain, causes their aggregation and leads to cataract formation in vivo.
DISCUSSION
In this study, the calpain content in ICR/f rat lens was measured for the first time, and no significant difference was found between the amounts of calpain in normal and mutant lenses. However, because we previously reported that the calcium concentration in the mutant lenses was about 5 mM (0.47 mM for normal lens), this higher calcium content may activate endogenous calpain in the mutant lens. Shearer et al. 9) reported that partial proteolysis of crystallins by calpain caused their aggregation and insolubilization and also that a physiological concentration of KCl (120 mM) prevented the proteolysis of crystallins by calpain. More recently, Nakamura et al. 14) reported that oxidation enhanced the turbidity of the soluble protein fraction only when crystallins were partially degraded. This increase in turbidity was prevented by the anti-oxidants DTE and GSH even after calcium-induced proteolysis of crystallins (probably by calpain) had occurred. GSH content in mutant lenses of rats aged 85 d was 60% of that in normal lenses of the same age (Fig. 1A) . This decrease in GSH content may lead to the enhanced aggregation of crystallins by the oxidation. N-Terminal-missing bcrystallins also occurred in mutant lenses ( Table 1) . Removal of the N-terminals of b-crystallins could cause their aggregation and, consequently, insolubilization, as described in the introduction of this paper. 14) We also observed the low molecular polypeptides of a-crystallin on the two-dimensional electrophoresis of cataractous mutant lenses (Fig. 1A , Table  1 ). Probably, endogenous calpain acted on a-crystallin. aCrystallins have a chaperon-like activity, 19) which may be lost by partial proteolysis with calpain, and the loss of chaperon activity may lead to accelerated aggregation of other crystallins. Also, we found that KCl content significantly decreased in mutant lenses. Because calpain activity is reduced in the presence of a low concentration of KCl, endogenous calpain could partially degrade crystallins and their aggregation could be accelerated in mutant lenses, as described above. In fact, when the soluble protein fraction of normal lenses was incubated with 1 mM Ca 2ϩ and 50 mM KCl, we found that N-terminal-missing b-crystallins were present in the electrophoretic profile of the fraction (Fig. 3) . We also observed these N-terminal-missing b-crystallins in mutant lenses after cataract formation ( Fig. 2A, Table 1 ). In conclusion, endogenous m-calpain plays an important role in the progression of cataract formation in the mutant lenses.
